Abstract. The electronic properties of pure Bi and semimetallic Bi I alloys (.Y= 0.0 12. 0.019. 0.033) have been investigated by means of magnetoacoustic attenuation in the D H V A region. Experiments were carried out in the temperature range 1.2-4.2 K using longitudinal ultrasonic waves of frequencies up to 100 MHz propagated along the trigonal axis. Magnetic fields between 0.05 and 2.3 T Here applied in the J'Z and x z planes. The Fermi-surface sections and effective masses of electrons were obtained from the angular dependence of the measured periods of ultrasonic quantum oscillations. With increasing antimony concentration the cyclotron masses and the densities of electrons in the alloys decrease. but the shape and the tilt angle of the electron ellipsoids do not change. The electron Fermi surface in the alloys contracts toward its centre. preserving its shape.
Introduction
The semimetallic character of bismuth is determined by the overlap of the valence-band maximum at the T point with the conduction-band minima at the L points of the reduced Brillouin zone. When Bi is alloyed with antimony, this overlap reduces with increasing Sb concentration. At an Sb concentration of .~= 0 . 0 7 the overlap is removed and the Bi,_,Sb, alloy becomes semiconducting (Chao et a1 19'74, Kuhl et a1 1976) . As the Sb concentration is further increased to about x-0.22 the conduction-band minimum at the L point overlaps an additional valence-band extremum and the alloy system changes from the semiconducting state to a semimetallic one (Kraak et a1 1978) . The energy gap at the L point between conduction and valence bands ( E G ) decreases with increasing Sb concentration. After the inversion of these two bands at x 'v 0.04, this energy gap again increases (Golin 1968, Tichovolsky and Mavroides 1969) . The variation of this energy gap has a considerable influence on the behaviour of the cyclotron masses of the carriers.
The electronic properties of Bi, -,Sb, alloys are very sensitive to pressure, temperature and high magnetic fields. In addition to changes in composition these parameters can induce electronic phase transitions (Brandt et a1 1972, Hiruma and Miura 1983) . Investigations of electronic properties are usually carried out at low temperatures using the de Haas-van Alphen (DHVA) effect, galvanomagnetic effects, the Shubnikov-de Haas (SDH) effect, cyclotron resonance, magneto-optical measurements and the technique of magneto-plasma waves (Brandt et a1 1968 , Goldsmid 1970 , Herrmann et a1 1975 M Cankurtaran et a1 Vecchi et a1 1976 , Braune et a1 1979 . The ultrasonic quantum oscillations were investigated first in very dilute Bi, -,Sb, alloys in the composition range 0 < x < 0.001 by Fukami et a1 (1979) . They were interested in the sound absorption mechanism rather than the band structure, and tried to explain the peculiarities such as the absence of the tilt effect and the enhancement of the oscillations in the case where the sound wavevector (a) is perpendicular to the magnetic field ( H ) (Akinaga et a1 1979 , Matsumoto et a1 1979 .
In the present work we concern ourselves with a detailed experimental study of the electronic properties of semimetallic Bi, -xSb, alloys using ultrasonic quantum oscillations. By studying the temperature and magnetic field dependence of DHvA-type oscillation amplitudes, the mean lifetime of electrons has been estimated.
. I . The Fermi surface of semimetallic Bi, -,Sb, alloys
The Fermi surface of the semimetallic Bi, -,Sb, alloys (0 < x < 0.07) is similar to that of Bi.
The electron Fermi surface consists of three ellipsoids at the L points in the Brillouin zone. A principal axis of each of these ellipsoids coincides with the binary axes of the crystal; the other two axes are tilted from the trigonal plane by an angle of about 6" (Braune et a1 1982) . The hole surface consists of a single ellipsoid of revolution about the trigonal axis centred at the T points of the reduced Brillouin zone.
Several models have been developed to explain the band structure of Bi-type materials (McClure and Choi 1977) . But in the cases when only integrated characteristics of the electron Fermi surface are of interest, Lax's dispersion relation (ellipsoidal non-parabolic model, ENP) (Lax et a1 1960) can be used-an approach which finds support in magnetooptical measurements and longitudinal magnetostriction (Vecchi et a1 1976 , Michenaud et a1 1982 .
In the ENP model the principal electron ellipsoid (pocket a) in the crystallographic axis reference frame is described by axxk: + a,,,,k: + a,,kI + 2a,,kyk, =(2mo/h2)EFe(l + EFe/EG) (1) where x, y and z refer to the binary, bisectrix and trigonal axes respectively, a,. are the components of the inverse mass tensor (&) for electrons and E,, is the electron Fermi energy measured from the bottom of the conduction band. The inverse effective mass tensor of the electrons is related to the effective mass tensor (h*) by
The other two ellipsoids (pockets b and c) can be obtained from the first by rotating it 5 120' about the trigonal axis. The tilt angle of the electron ellipsoids may be expressed by where mij are the components of the effective mass tensor.
density per ellipsoid is (Issi 1979) For the electron band in Bi, in the case of E,, 9 kT, the expression for the carrier
where T(E) = EFe( 1 + EFe/EG). 
The ultrasonic quantum oscillations
The conditions w,r> 1 and h o c > kT, which are necessary for observation of the quantum oscillatory effects introduced by a magnetic field, can be satisfied quite easily in semimetals, due to their small effective masses. Here 7 is the mean lifetime of carriers and T is the absolute temperature of the system. When ultrasonic waves are propagated through metals at low temperatures the coefficient of ultrasonic wave attenuation shows oscillations with magnetic field known as ultrasonic quantum oscillations (UQO). The effect is periodic in reciprocal magnetic field (l/H). The period of the oscillations for an ellipsoidal Fermi surface is given by
where S(kHo) is the cross-sectional area of the Fermi surface perpendicular to the magnetic field at k H = kHO. Since kHO < k F , S(kH,) may be considered to be the extrema1 crosssectional area. Therefore the period measured experimentally provides information about the cross sections of the Fermi surface.
In this work we have studied UQO in the DHVA and intermediate regions. An expression for the ultrasonic attenuation coefficient a(H, T ) in the DHVA region is given by Matsumoto and Mase (1975) as
which is based on the analytical expression derived by Skobov (196 1) for parabolic bands and a spherical Fermi surface. Here a(0) is the zero-field attenuation coefficient and T , = h/nkr, is the Dingle temperature; r,, is the mean lifetime of the electrons which contribute to the attenuation of sound waves. TD and m: can be obtained from the variation of oscillation amplitude with temperature and magnetic field.
Experimental procedure
In this work we used Bi of 5 N purity which was supplied by Johnson Matthey Chemicals Limited (JMC) and Bi of commercial grade which was purified by the standard horizontal zone-refining technique in evacuated Pyrex crucibles. After passing 30 zones at a speed of I5 mm h-I, the measured residual resistance ratio (RRR) of polycrystalline Bi samples cut from the zone-refined ingot reached 70; this may imply 5 N purity (Cucka and Barrett 1962) . This purity was further confirmed by neutron activation analysis and atomic emission spectroscopy.
The single-crystal Bi was grown by the Bridgman method using 5 N purity Bi purchased from JMC, but the Bi,-,Sb, alloy single crystals were prepared by the zonelevelling technique using 60 times zone-refined Bi and Sb of 5N purity purchased from the same supplier. A tubular resistance heater furnace with water-cooled ends was used in both purifying and alloying processes. This furnace provided a zone length of 10-15 mm and a temperature gradient of about 20 K cm-' at the solid-liquid interface. Using the crystalgrowth and zone-melting system of Material Research Company (model 283) a scanning speed of 2 mm h -' was achieved. For the alloys with compositions up to about 3% Sb, this molten-zone speed may be adequate to exclude the cellular substructure which results from constitutional supercooling (Schneider et a f 198 1).
The single crystallinity was investigated by chemical etching and the Laue x-ray technique. The samples were cut from the single-crystal ingots by a Servomet spark cutter and spark planed. The orientations of the single crystals were determined by the Laue x-ray technique and by studying the pattern of etch pits and the slip lines on the cleavage plane (trigonal plane), which guided the identification of the bisectrix and binary axes (Akgoz and Saunders 197 1) . The error in the orientation of crystals is less than 1'.
The composition of the Bi,-,Sb, alloys was determined by density measurements and neutron activation analysis. The concentration gradient was measured to be about 3 parts in 1000 per cm.
X-cut quartz transducers with a fundamental frequency of 10 MHz and nominal diameter of 6 and 10 mm were used in the experiments to propagate and detect the longitudinal ultrasonic waves of frequencies 10-100 MHz. Nonaq stopcock grease gave satisfactory transducer bonding. The ultrasonic attenuation coefficient was measured with the pulse-echo method using Matec Company's ultrasonic comparator (model 9000). Changes in the ultrasonic attenuation were detected by Matec's ultrasonic attenuation recorder (model 2470). Static magnetic fields up to 2.3 T were obtained by an electromagnet (Varian model 3800). The experiments were performed in the temperature range 1.2-4.2 K. Temperatures lower than 4.2 K were achieved by pumping the liquid helium. The pumping speed was controlled with a Cartesian monostat and the pressure over the liquid helium was monitored with an electronic manometer (CGS Scientific Company, type 10 18).
The data were collected with two experimental configurations: longitudinal sound waves were propagated along the z axis and the magnetic field was applied in the y z plane (case I) and xz plane (case 11). In most cases the error in the measured periods may be within 1-5%, resulting from errors in the reading of the magnetic field and in the alignment and cutting of the sample.
Results and discussion
The Fermi surfaces of semimetallic Bi and Bi,-,Sb, alloys (x=0.012, 0.019, 0.033) have been investigated. To reveal the Fermi-surface parameters, the angular dependence of the oscillation period and the dependence of the oscillation amplitude on temperature and magnetic field have been studied.
Typical experimental results are shown in figures 1-3. In low magnetic fields the oscillations are sinusoidal and symmetric about a central line, which is characteristic of the DHVA region. In case I, the oscillation peaks at low magnetic fields mainly belong only to pocket a. Depending on the angle between q and H at certain magnetic fields, the contributions from the other electron pockets start to dominate (figures l(b) and (c) ). Therefore the behaviour of the attenuation curves becomes more complicated.
In case 11, the oscillations originate mainly from pockets b and c. Because of their large cyclotron masses the contributions of the principal electron pocket and the hole pocket are fairly small. In this configuration the cross sections of pockets b and c perpendicular to H are close to each other, so that the oscillation pattern in most of the field orientations is complicated. However, these pockets become equivalent at 8-90°, and the resultant attenuation curves contain only one period.
The effects of the Sb concentration on the measured attenuation are illustrated in figure 3 . The three oscillation curves in this figure were taken under the same experimental conditions. The scale of the ordinate is the same for the three curves and so the differences in the oscillation periods and amplitudes are clear. We select in particular the attenuation data taken at 8= 25", because in this orientation the three electron pockets become equivalent and so the attenuation curve against 1/H consists of a single period. The oscillation period and the amplitudes depend strongly on the Sb concentration; the period increases while the amplitudes decrease with increasing Sb concentration.
The period of the oscillations has been obtained from the slope of the peak number (n) against the reciprocal field (1/H) at which the nth peak occurs. If the electrons in only one carrier pocket participate in the attenuation, the plot of n against 1/H gives a straight line, which is the case, particularly in low magnetic fields where the contributions from pocket a are dominant (case I). For the cases where more than one pocket contributes to the sound attenuation, the periods of the oscillations have been found from Fourier analysis. Figure 4 shows the periods of Bi0,988Sb0,01Z alloy against 6' in cases I and 11, where 6' is the angle between the magnetic field and the trigonal axis measured from this axis.
The electron Fermi surface of semimetallic Bi,-,Sb, alloys
The arigular dependence of the periods for pockets a of the alloys and pure Bi in the y z plane are shown in figure 5 . The period increases with increasing Sb concentration for all values of 8, but the shape of the curves of A(l/H) against e is not dependent on concentration. This implies that the pockets shrink with increasing S b concentration but keep their shape. In case I, as the direction of the magnetic field is far from the z axis, theory and experiment are in accord within experimental error, but there is some discrepancy about the z axis, where contributions from the holes are also possible. The Fermi-surface cross sections perpendicular to the z axis are large, so that the periods of oscillations are small and it is difficult to separate them. Therefore the error in the measured period is greater than for other field orientations. In the most concentrated alloy, the amplitude of oscillations is very small and there is a smaller number of peaks (see figure 3 ). Therefore there are difficulties in determining the oscillation period. . reasonable agreement with those found by cyclotron resonance and SDH measurements Chudinov 1971, Herrmann et a1 1975) .
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It is known that in semimetallic Bi, -,Sb, alloys (x < 0.07) the electron Fermi energy decreases with increasing Sb concentration (Chu and Kao 1970, Brandt and Chudinov 197 1) . However, as seen from table 1, the value of T ( E ) increases with increasing x. This is further evidence that E, decreases with increasing Sb concentration as predicted by Golin (1968) . Thus the decrease of cyclotron masses in the alloys is correlated with the decrease
The tilt angle ((D) of the electron ellipsoids and the carrier concentration ( N = 3n), calculated from equations (3) and (4) using the effective mass tensor in table 1, are given in table 2. The variations in the tilt angle are within the experimental error of crystal orientation and setting: the tilt angle in semimetallic Bi,-,Sb, alloys is close to that in pure Bi in the composition range studied. Similar results were reported by Braune et a1 (1982) . The decrease in the carrier concentration with increasing x is due to the reduction of the overlap of the bands at the L and T points. The values of carrier concentration reported are in good agreement with those obtained from galvanomagnetic measurements (Brandt et a1 1972) .
In figure 7 we show the ratio of the periods of alloys to the corresponding periods of pure Bi as functions of B and Sb Concentration. As can be seen from this figure the period Of E,. ratio is independent of magnetic field orientation. This is consistent with a Fermi surface of alloys similar to that of Bi, shrinking with increasing Sb concentration. Therefore the models developed for the band structure of Bi may also be used for semimetallic Bi,-,Sb, alloys.
The variation of SdI,,/SBi with Sb concentration was estimated to be Sd,,,/SBi = 1 -2 8~ + 1 . 9~~.
The coefficients in this equation are in agreement with those quoted in the literature (Chao et a1 1974 , Herrmann et a1 1975 .
The cariation of the oscillation amplitude with temperature and magneticJeld
The lineshape of the oscillations is very sensitive to temperature. A typical example is shown in figure 8 ; the oscillation amplitude increases with decreasing temperature. The variation of the oscillation amplitude with temperature and magnetic field may be estimated from equation (9). However, it is necessary to take into account the effects of f-50 MHz. The ordinate scales are in arbitrary but common units.
non-parabolicity and contributions from various carrier pockets. But equation (9) may be used in the cases when only one pocket participates in the attenuation and only the temperature and magnetic field dependences of the oscillation amplitude are of interest.
In low magnetic fields and if only the first harmonic has been considered, equation (9) may be simplified to In(a(T),,,/T) = constant -( 2 n 2 k / h w , )~.
Here it is assumed that T, and h o c are independent of temperature. The higher harmonics alter the breadth of the oscillations rather than their amplitude and peak positions. respectively. The corresponding masses obtained from the period measurements are 0.043 and 0.013. Thus the effective masses obtained from the temperature dependence of the oscillation amplitudes are consistent with those from period measurements. The difference between them may be attributed to neglected effects of the variation of E,, with magnetic field, the errors in estimating both E,, and E,, and possible contributions from other carrier pockets.
In the DHVA region it is possible to obtain the mean lifetime of carriers (TD) from the variation of oscillation amplitude with magnetic field. At low magnetic fields and at a constant temperature, equation (9) may be approximated by ln(a(H),,JW
where H is the magnetic field at which a particular peak occurs. As an example we show ln(a,,,\rH) against 1/H for Bi and two of the alloys in figure 10 . It should be noted that there is a small deviation from linearity which is possibly caused by the effects of neglected higher harmonics. T , and rD have been obtained (table 3) by using the effective masses from period analysis and the slope of straight lines such as in figure 10 . TD decreases slightly with increasing Sb concentration. From galvanomagnetic measurements in weak Figure 10 . Plots of In (a,,&) against I/H. A, pure Bi, case I, 8=25", T = 1.751 K ; 0, x=0.012, case I, B= 165', T=4.1 K ; 0, x=0.012, case 11, 8=85", T=4.1 K ; W, x=0.019, case I. B= 25", T= 2.28 K. The full lines are the best fits of equation (14). (1972) deduced that rD is of the order of 5 x lo-'* s for semimetallic Bi, -xSbx alloys in the same composition range. Similar values of T~ were reported for pure Bi and Sb by Phillips and Gold (1969) and Matsumoto and Mase (1975) . The relaxation times for electrons in. pure Bi and semimetallic Bi,-,Sb, alloys up to 2% obtained from the present magnetoacoustic measurements (table 3) are close to each other. It seems that Sb atoms regarded as impurities do not affect the mean lifetime of carriers substantially. The relaxation mechanisms would seem to be due mainly to the phase smearing caused by dislocations.
Conclusion
We have studied the electronic properties of semimetallic Bi,-,Sb, alloys (x < 0.04) using the technique of ultrasonic quantum oscillations. With increasing Sb concentration the electron Fermi surfaces become smaller isotropically in these alloys, the electron effective masses and the energy gap between the conduction band and valence band at the L points of the reduced Brillouin zone decrease, the oscillation amplitude decreases, the periods of oscillations increase, the peaks become broader and the quantum limit shifts to the lower magnetic fields. The carrier lifetime decreases slightly with increasing Sb concentration and this small decrease of rD might imply that the relaxation mechanisms in the alloys are due mainly to the phase smearing caused by dislocations.
